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RADIATION MODELS OF MIDLATITUDE SYNOPTIC FEATURES
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ABSTRACT

Balloon-borne radiation sonde measurements during 1964 and 1965 are used to form composite, three-dimensional
radiative cooling models for the following midlatitude synoptic features: stationary front; nascent cyclone; warm
sector cyclone; occluded cyclone; and anticyclone. Composite water vapor dxstnbutlons for the same synoptlc features
are used to model the pattern of atmospheric warming by solar radiation.

Thickness tendency analyses of the 1000~500-mb layer for four synoptie features show that radlatlve cooling and
warming may account for 10-30 percent of the observed maximum thickness tendency. The radiative thickness
change components are of the same order of magnitude as the latent and the sensible heating terms.

The nascent cyclone case shows a radiatively induced vortieity tendency of 6 X 10-10 sec~2, This compares with a
total expected vorticity tendency between 10~% and 10—!0 sec—2. The nascent cyclone, warm sector cyclone, and anti-
cyclone cases show positive cyclonic development from radiative effects, while the occluded cyclone case shows nega-

tive cyclonic development.

1. INTRODUCTION

Many investigators have conjectured that radiative
effects may be neglected for periods as long as days
without materially affecting synoptic scale development;
however, this has not been shown to be fact. Sutcliffe
(1947) acknowledges this attitude and expresses reserva-
tions about the neglect of radiative effects, even for
relatively short time scales. Suomi and Chen (1963)
show that infrared cooling significantly affects the gen-
eration of available potential energy (APE) on a synoptic
scale. Dutton and Johnson (1967) suggest that the gen-
eration of APE caused by radiative processes in a synoptic
system varies with time and may become significant at
some point in its life cycle. Anthes (1968) shows that
infrared cooling may account for 17 percent of the gen-
eration of APE in a hurricane.

One may attempt to answer the question of the im-
portance of radiation effects on synoptic scale phenomena
by computing the radiative energy transfer through the

atmosphere. However, this technique is hampered by an

insufficient understanding of radiative transfer in a cloudy
atmosphere. Even if radiative transfer through clouds

were clearly understood, one faces the monumental task -

of defining cloud characteristics and structure before
proceeding with model calculations.

This paper describes infrared cooling radiation models”

of classical synoptic features constructed from direct
measurements of infrared radiation. Short-wave radia-
tion models are produced by applying the techniques of
Hanson et al. (1967) to composite maps of the water
vapor distribution.

In general, the symbols follow standard meteorological
usage; however, the following list of symbols and abbrevia-
tions may be helpful to the reader.

A Empirical constant used to vertically
partition solar absorption

APE Available potential energy

¢, Specific heat of dry air at constant
pressure

dH/dt Rate of diabatic heating
B~ Solar energy absorbed by the atmosphere

IR Infrared radiation
Do Surface of pressure
Qs Fractional absorption of solar energy

@ Vorticity at the surface
Solar constant
SW  Short-wave radiation
Vo Velocity at surface
U Optical depth of water vapor

U* Optical path of water vapor
(U*= UxXsec (8)

Ty —p—g’}’d

1

“og
¢ Latitude
b Center latitude of gridded models, 40° N..
A Longitude
o Center longitude of gridded models,

- 95° W.

] Solar zenith angle

2. MODEL CONFIGURATIONS

In order to make a composite model of the radiation
soundings, it is necessary to define a configuration for each
model and then normalize all similar synoptic features to
that configuration. All radiation sonde ascents are grouped
according to their proximity to a synoptic feature as
determined from surface maps. Some soundings are in-
cluded in two or more categories when they are located
between closely spaced synoptic features.

The features examined the number of soundings in each
category and the model configurations are given below:

a) Stationary front—mumber of soundings: 17. The
stationary front model was assumed to be oriented east
to west along 40° N. latitude. All soundings in the vicinity
of a stationary front were plotted as a north-south cross
section, their separation from the east-west model front
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being the perpendicular distance to the front in the
observed case.

b) Nascent cyclone—number of soundings: 47. The
nascent cyclone model was chosen to be on an east-west-
oriented frontal system with the center of the depression
acting as the origin of a polar coordinate system. For the
model case, 180° was assigned to the open part of the wave
south of the depression and 180° to the area north of the
front. All soundings in the proximity of nascent cyclones
were normalized to this model configuration. An angle and
radial distance were sufficient to define the position of a
sounding in the composite model.

c) Warm sector ecyclone—number of soundings: 86. The
warm sector cyclone model was defined so that the cold
front extended straight south and the warm front east
with the center of the Low at ¢, A;. All observed cases
were normalized to agree with the configuration with a 90°
warm sector and 270° on the back side and north of the
Low. Here again the center of the Low was treated as the
origin of a polar coordinate system, and an angle and radial
distance were sufficient to define the position in the
composite model.

d) Occluded cyclone—mumber of soundings: 54. The
occluded cyclone model was constructed in nearly the
same way as the warm sector model, the only difference
being that the center of the polar coordinate system was
taken as the point of occlusion rather than at the low-
pressure center. As a result, the occluded front is in the
northwest sector of a model.

e) Anticyclone—number of soundings: 112. The anti-
cyclone model was constructed with the center of the High
as the center of a polar coordinate system.

The infrared radiation data and mixing ratio data for all
soundings used in this study were placed in the appropriate
synoptic categories, and normalized angles and radial
distances were computed to form the composite radiation
models.

3. LONG-WAVE RADIATION ANALYSIS

During 1964 and 1965, approximately 180 International
Quiet Sun Year (IQSY) radiation sonde ascents were
made from U.S. Weather Bureau (USWB) upper air
stations at Green Bay, Wis., and Sterling, Va. In addi-
tion, in December 1965 a series of radiation sonde ascents
was made from a network of midwestern USWB upper
air stations in a study organized by the University of
Wisconsin. All measurements were made with a Suomi-
Kuhn net radiation sonde (Tanner et al., 1960), and
temperature and moisture profiles were measured
simultaneously. These soundings are used in this study
and represent all four seasons and include the fall and
winter seasons from 2 yr.

The radiation soundings referred to above were,grouped
according to synoptic features and gridded as described
in section 2.

4. SHORT-WAVE RADIATION ANALYSIS TECHNIQUE

Hanson et al. (1967) have given equation (1) as an
empirical relationship between ¢,, the fractional absorp-
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tion of solar radiation in an atmospheric column, and
U*, the optical path length of water vapor.

7.=0.096+0.045 U*'%2 log U*. (1)
This expression was derived from satellite and surface
radiation measurements over the United States. Equation
(1) inherently includes the effects of clouds, since the
data from which it was derived included both clear and
cloudy cases. The short-wave data in figure 1 illustrating
the vertical partitioning of radiative divergence in a
cloudy atmosphere are taken from Korb and Moller
(1962). These values of short-wave absorption are based
upon a theoretical result for a stratified cloud, 1000 m
thick for a solar zenith angle of zero degrees. A ground
albedo of zero and cloud extinction coefficient of 30 km™!
were also assumed. This figure shows that the vertical
partitioning of absorbed short-wave radiation is highly
dependent on cloud structure.

A theoretical or even an empirical expression for solar
absorption in a clear atmosphere may readily be written
(Mugge and Mgller, 1963; Korb and Méller, 1962; and
Yamamoto, 1962), however, the expression for a cloudy
atmosphere is not nearly so tenable. It is even more
difficult to express a mean vertical partitioning of solar
absorption. This can probably best be accomplished by
actually measuring the short-wave divergence as a func-
tion of height. Such measurements are currently being
made. In Heu of actual observations, equation (2) was
adopted for the partitioning because it gave gross agree-
ment with Davis (1963) at higher levels and assigned the

MIDDLE CLOUD CASE

CLEAR cLQUODY
15 km +
7 L R
SW=+0.093 SW=+Q102
ol 1R =-0060 +0033  -0008) |R=-0.210
Skm+
SW=+40.127 SW=+0.012
IR=-0.120 +0.007 +0.152 IR=4+0.040
surfoce - JITT7TTTTTT7T77777

TOTAL 40.040 +0.144

LOW CLOUD CASE

CLOUDY
Bt CLEAR
L R
1 SwW=+0i179 SW=+0.206
1OkmT VR=—0.118 +0.06l +0.125¢ [R=-0168
S km 4#
surfoce LEW=+0.041 m--o.pez‘fo-OZl #0.092 { sw=40.002 IR=+0.003

“TOTAL +0040  +0217

Ficure 1.—Effects of cloud structure on the vertical distribution of
short-wave absorption and total radiative balance (units: cal
cm~2 min™?).
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surplus to lower layers where clouds are more likely to be
present.

go=1—e47", (2)
In the present study, given ¢, from equation (1), equation
(2) was solved for A with U* equal to the total path length,
and this value of A was used to determine ¢, values for
different U* layers. )

Vonder Haar (1968) has compared the results of using
equations (1) and (2) with the results of Davis’ short-wave
technique (1963) applied to the same input data. The
vertical resolution was limited to two layers, surface to
600 mb and 600 to 200 mb. The computations for the
upper layer showed very good agreement while equations
(1) and (2) yielded values approximately 35 percent
higher than Davis’ for the lower layer absorption at
midlatitudes.

A direct point-by-point comparison of equation (2)
with theoretical results is of limited meaning since one is
comparing clear-air partitioning with areal mean partition-
ing representing many different cloud configurations.
In the lowest 4 km of London’s mean winter atmosphere
(1957) for zero degree zenith angle, equations (1) and (2)
yield 10-percent fractional solar absorption while Mugge-
Msoller’s equation yields 9-percent and Yamamoto (1962)
shows 6-percent absorption.

The solar energy absorbed was computed numerically

from equation (3).

2
E=| Ssect(1—e4Usec)dt.
iy

3)

For zenith angles greater tban 80°, the optical path was
computed from air-mass values given in the Smithsonian
Meteorological Tables prepared by List (1951).

Hansen derived equation (2) from data representing
the fractional absorption in the entire atmospheric column,
surface to the top. Since we are interested in the
troposphere, we have subtracted 0.03 from the first
constant in (2) to allow for absorption above 200 mb.

Given E from equation (3), the temperature change
may be readily computed from (4).

_9 £
AT— & i

(4)

Theta, the solar angle, is a function of local time, the
declination of the earth, and the geographical coordinates.
For the solar warming models, a declination corresponding
to the date March 1 was chosen. If the declination cor-
responding to January 1 had been used instead, the solar
warming values would be decreased by approximately

25 percent.
5. RADIATION MODELS

Before attempting to interpret the synoptic radiation
models, let us briefly review the effects of the distribution
of clouds on radiative cooling and warming. First let us
examine infrared radiative cooling. Radiative cooling is
proportional to the vertical divergence of thenetirradiance.

Figure 2 illustrates the effects clouds have on the
radiative cooling of the atmosphere. Typical temperature

358~753 O - 69 - 3

Stephen K. Cox

639

and moisture distributions shown in figure 2, column a,
were chosen for the calculation and different cloud struc-
tures were superimposed on these profiles. All clouds were
assumed to be black.

Figure 2, column b, shows the infrared cooling in a clear
atmosphere. The maximum cooling of the lower layer is
accomplished by having a cloud low in the layer as in
column c¢. The same configuration results in maximum
tropospheric mean cooling. The cooling in the lower layer
of column d represents a mean for the whole layer, thus
it contains effects of the radiative warming beneath the
cloud and the strong cooling from the cloud top. The net
result is moderate cooling of the lower layer. A comparison
of columns b, ¢, and d shows that the upper layer is
virtually unaffected by the cloud structure in the lower
layer. In reality there would be a slight decrease in the
cooling of the upper layer as the elevation of the cloud
deck beneath is increased.

A cloud at 500 mb in figure 2, column e, results in the
maximum cooling of the upper layer and maximum warm-
ing of the lower layer. The extreme cooling of the upper
layer is possible because most of the optical mass of water
vapor is below 500 mb, and there is only a small downward
radiative flux on the cloud from above.

The minimum tropospheric cooling is accomplished
through configuration in figure 2, column f. A cloud high
in the troposphere acts as a “lid”’ and does not allow the
atmosphere to cool effectively.

The final configuration, figure 2 (column g), shows the
effect of multilayer clouds. There is relatively small
cooling in the lower layer with significant cooling off the
top of the upper layer cloud and thus of the upper layer
itself.

Water vapor and clouds are the primary variables
modulating direct solar absorption. As the optical mass
of water vapor increases, so does the solar absorption.
High clouds above most of the atmosphere’s water vapor
tend to decrease solar absorption by reflecting energy back
to space before it encounters an appreciable optical mass
of water vapor, and low clouds tend to increase the ab-
sorption by reflecting solar energy through a longer path
length of water vapor and other absorbers.
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Ficure 2.—Effects of cloud distribution on infrared cooling. The
dashed line in column a is cumulative precipitable water (gm/
cm?) ; the solid line is temperature (°C). The arrows represent net
radiation (ly min—1X100) and the circles represent the mean
infrared radiative temperature change (°C day—1X10) of the
layer. Shaded areas depict the presence of clouds which were
assumed to be black (emissivity=1.0).
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The short-wave data in figure 1 are taken from Korb
and Maoller (1962), and the long-wave data from calcu-
lations assuming black clouds. The (SW) numbers refer
to absorbed short-wave energy in the bracketed layer in
units of cal em™2 min~!. The (IR) numbers refer to net
infrared loss of energy in cal cm~? min~! from the bracketed
layer. Figure 1 shows that despite the decrease of short-
wave absorption in the subcloud layer, a marked net
warming occurs beneath the cloud in both the low and
‘middle cloud cases. This warming is due primarily to the
infrared term and may be enhanced by adding the cloud-
absorbed short-wave energy to the subcloud layer’s net
gain.

The most striking feature of figures 1 and 2 is how clouds
act to increase the warming of the atmosphere by both
short-wave absorption and infrared radiation convergence.
In the daytime with high incident solar radiation, low
clouds represent the most efficient configuration for
tropospheric warming. At .night, a high dense cloud
represents a more effective warming configuration. Un-
fortunately there is insufficient data available to say
exactly what effects cirrus clouds will have on short-wave
warming of the troposphere; however, it is doubtful that
the optimum configurations outlined above would change.

The synoptic radiation models given in figures 4
through 15 are centered at ¢, and X, 40° N. latitude
and 95° W. longitude, respectively. The grid is meant
as a relative distance scale and not to imply that the
model is appropriate only to synoptic features centered
at 40° N., 95° W. As was mentioned previously, most of
the radiation data were collected from Green Bay, Wis.,
and Sterling, Va., and thus represent continental rather
than maritime conditions.

The infrared cooling and short-wave warming are de-
picted in four different ways for each synoptic system.
Figures 6, 7, 10, and 11 show isopleths of mean radiative
temperature change for the two layers, surface to 500
mb and 500 to 200 mb. Figures 5, 8, 9, 12, and 13 give
mean radiative temperature changes for both radiative
components and their sum for each 100-mb layer in the
four quadrants defined by:

quadrant I ¢>¢g, ARy,

quadrant IT ¢>>¢, A>A,,
quadrant IIT ¢<¢o, A>N,, and

quadrant IV ¢ < g, AZA,.

Table 1 is a summary of regional, mean radiative tempera-
ture changes, their standard deviations, and the number
of data points for the surface-500-mb and 500-200-mb
layers.

Table 2 represents a statistical summary of the differ-
ence in the mean radiative temperature change between
the surface-500-mb layer and the 500-200-mb layer.
This presentation is made to illustrate if, and to what
extent, the vertical distribution of the radiative com-
ponents act to destabilize the atmosphere. For example,
diabatic cooling of a bigher layer relative to a lower layer
would decrease the static stability of the region. The
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distribution of the differences of mean radiative tempera-
ture changes approximates a normal distribution; thus
we may estimate the probability of occurrence of a given
destabilization rate from the appropriate area under the
curve in figure 3. Columns 3 and 4 in table 2 represent
the probability of occurrence of a radiative destabilization
tendency and a tendency less than —1°C day™, respec-
tively. All statistics are computed from the raw,
unsmoothed data.

The four formats depicting each synoptic feature were
chosen to give as complete a description of the radiative
characteristics as possible. A comprehensive text referring
to all the characteristics of the radiative patterns is
beyond the limits of reasonable length; therefore, only
the most significant features will be pointed out.

The stationary front, in figures 4 and 5 and table 1,
shows significantly less IR cooling in the lower layers in
quadrant I than in quadrant IV. The SW warming ‘in
the lower layer in quadrant IV causes net warming relative
to the upper layer. Table 2 shows that both quadrants
have a tendency toward radiation destabilization, the
upper layer cooling 1.14°C day~! relative to the lower in
quadrant I and 0.68°C day™' in quadrant IV. The
probability that the upper layer will cool more than the
lower is 0.73, second highest of all cases examined.

The nascent cyclone, figures 6 and 8, shows significant
variations in both radiative components. An area of mini-
mum IR cooling and maximum SW warming is apparent
in quadrant IV. This contrasts to a near-maximum IR
cooling in the surface-500-mb layer and a minimum SW
warming in quadrant IT. Quadrant II also shows the small-
est standard deviation in the IR component in table 1 for
the lower layer, 0.36°C day™!, while quadrant IT is most
uniform in the upper layer. Unfortunately there were only
three ascents in this sector of the storm, so one must be
cautious about making any general conclusions from
this quadrant. At the other extreme for the lower layer
are quadrants I and II with standard deviations equal
to 0.89°C day~!, and quadrant IV with a standard devia-
tion of 1.95°C day™ for the 500-200-mb layer. Table 2
shows that quadrants I and II have a mean tendency to
destabilize, while the remaining two quadrants have the
opposite tendency. Most significant for quadrants II, I1I,
and IV are the large standard deviations, indicating a
large range of variation of radiative destabilization. The
probability of a destabilization tendency is approximately
0.5 for all four quadrants.

Figures 7 and 9 represent the warm sector cyclone
model. The two northern quadrants have larger IR cooling
rates in the 500-200-mb layer and smaller cooling rates
in the surface-500-mb layer than quadrants III and IV.
In table 1, quadrant III shows a large degree of
uniformity in the infrared patterns with standard devia-
tions of 0.54 and 0.47°C day™ for the surface-500- and
500-200-mb layers, respectively. The two most significant
SW features are the 0.99°C day™ maximum in quadrant
IIT and the remarkably uniform surface-500-mb layer
in quadrant I with a standard deviation of 0.19°C day™".

Table 2 shows that all four gradrants have mean de-
stabilization tendencies: values in quadrants II, I1I, and
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TaBLE 1.—Statistical summary of the surface—&00-mb and 500—200-mb radiative temperature changes (°C day™")
Quadrant I Quadrant IT Quadrant ITI Quadrant IV
(>0, A<h0) (>0, A>No) (<o, A>N) (@<¢0, ASX0)
Mean | Std.dev.| No. Mean | 8td.dev.| No. Mean |Std.dev.| No. Mean |Std.dev.| No.
STATIONARY FRONT
Infrared model:
SFC-500mMb . oo iciiaaaaas ~0.73 0.99 25 [N S PUS, JEURY PSR PR U, —1.80 0.72 12
500-200 MDD et —1.32 .93 ;2 SNSRI RPN (SRR IPURUIU RN PRI (PPN ~1.13 .85 12
Short-wave model:
SFC-500 mb .68 .32 [ DR [EURRIRIPIIS PRUIPRIPN PRPURFORNRI IEPRNIPRUI PURRORIO 1.03 .33 12
12 .06 70 RPN [PPSO PRSPPI PRPIPRIIRIN PRSI RPN .15 11 12
—-.05 101 5 IS (RO R ISR PRI (RN PP —-.78 .68 12
-1.20 .92 | 5 (N PRI (S FURRUPR RN (RN PP —-1.00 .85 12
. NASCENT CYCLONE
Infrared model:
—1.41 .89 22 —2.18 0.89 3 -2.19 0.36 13 —1.68 .68 22
-.95 1.13 22 —-.71 .40 3 —.93 .65 13 —. 47 1.95 22
.1 .46 24 .67 .62 3 .79 .41 15 .82 .39 24
.09 11 24 .4 .04 3 .08 .06 15 12 .08 24
Sum (IR+8W):
SFC-500mb . iiiiacaaeas -.70 .95 22 -1.51 .36 3 -1.40 .20 13 —.88 .76 22
§00-200 b - el —. 86 1.10 22 —.67 .37 3 —.84 .61 13 —.33 1.99 22
WARM SECTOR CYCLONE
Infrared model:
SFC-500 Mb. .ot —-1.18 .86 29 —1.42 .80 26 -1.72 .54 15 —1.80 131 16
500-200mb . . i —1.45 .93 29 —1.46 .68 26 -1.23 .47 15 -1.03 .76 16
Short-wave model:
SFC-500 mb.... .68 .19 12 .67 .34 8 .82 .44 9 .99 .41 9
07> .06 12 .09 .04 8 .07 .06 9 12 07 9
—.83 .65 12 —.49 .72 8 —-1.15 .68 9 —-1.07 17 7
-1.13 .70 12 —1.24 .75 8 —-.86 44 9 -.81 ] 7
Infrared model:
SFC-500 MD.eoe oo oot —1.62 .67 18] -113 .53 37 —199 .60 17| -191 .51 14,
500-200 mb._ . .- —1.13 .79 18 —.67 .17 3 —.87 .58 17 —1.03 .44 14
Short-wave model
SFC-500 mb .o iciaas .71 .43 19 .45 .15 3 .56 .29 19 118 .37 15
500-200 mib - .- .10 .12 19 .06 .01 3 .04 .02 19 .18 .09 15
Sum (IR4SW):
SFC-500mb . . eiiaieaas -9 .78 18 —.68 .43 3 —1.41 .71 17 —-.78 .65 14
500-200 M D e -1.02 .76 18 —. 61 .18 3 —.86 .59 17 —. 87 .45 14
ANTICYCLONE
Infrared model:
SFC-500 b . e ecices -1.82 .66 33 -1.73 .56 18 -1.28 .89 15 —1.85 .61 42
B00-200 M. . e eeieiaaans -—.89% .58 33 -1.27 .72 18 —1.20 .61 15 —.98 .61 42
Short-wave model.
BFC-500 b -l .51 .32 37 .71 .36 20 .83 .45 17 .67 .36 43
500-200 mb . i .06 .06 37 .10 .08 20 .13 .16 17 .06 .05 - 43
Sum (IR+8W):
SFC-500mb ..o -1.32 .65 33 —1.06 .55 18 —.43 1.00 15 -1.17 .61 42
500200 mb . e —.82 .58 33 ~1.20 .70 18 —1.06 .58 15 —.93 .80 42

IV are especially extreme, —1.21, —0.92, and —0.79°C
[day, respectively. The standard deviations are not cor-
respondingly large for quadrants II, III, and IV, and the
probabilities of occurrence of destabilization tendencies
are 0.78, 0.58, and 0.62, respectively.

The occluded cyclone model shown in figures 10 and
12 shows the maximum observed SW absorption in
quadrant IV. In the opposite sense, quadrant IT shows a
minimum value of SW warming, probably due to the
southward invasion of cold, dry, continental air. However,
the few soundings available for analysis in this quadrant
limits our confidence in these values. Table 2 shows that
quadrants I and IT have a mean tendency toward radiative
destabilization, while III and IV tend to be stabilized by
the vertical distribution of the radiative components.

The anticyclone model in figures 11 and 13 shows the
anticyclone’s classic uniformity. There is relatively little
contrast between the radiative components from one
quadrant to another. Quadrants II and II1 do have

slightly larger SW warming caused by the moisture-laden
air entering the circulation from the southwest. The exact
opposite argument, dry continental air from the north,
accounts for the smaller SW warming in quadrants I
and IV. All four quadrants show a mean tendency toward
radiative stabilization in table 2, with quadrant III having
the most variation.

6. A COMPARISON OF HEATING TERMS

Converting the radiative cooling and warming rates
into thickness tendencies using the hypsometric equation
provides a convenient ‘‘scale’” with which to assess po-
tential radiative effects. Such a step is of course a gross
oversimplification, since it assumes that all the energy
exchanged by radiative processes results directly in
temperature or thickness changes. In reality, there are
complicated interactions between radiation processes,
latent heating, sensible heat transfer, and vertical motions.
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In spite of the simplification induced by assuming the

atmosphere would actually cool (contract) and warm

(expand) directly from radiative transfer, it is instructive

to compare these radiative thickness tendencies with 8

thickness tendencies due to other terms in a themo- )

dynamic energy equation. 35

TaBLE 2.—Statistical summary of the difference belween the mean -2 s, MEAN ¢l .2,
radialive temperawure changes (°C day™) of the surface-500-mb "'"'m
layer and the 500-200-mb layer STABILIZE

(¢)] @ (&) @ ()]
Stand- | Percent area of | Percent area of | Number ~ FIGURE 3.—Assumed normal distribution curve of difference in
Mean | ard | destabilization gsﬁ’;‘«?g‘zd‘g;‘l‘,‘ o mean net radiative temperature change (°C/day) for the surface-
ation curve under normal | vations 500-mb and 500-200-mb layers. Shaded area corresponds to
curve probability of radiative destabilization tendency and crosshatched
stati font area to the probability that a destabilization tendency >—1°C/
ationary fron .
Quadrant I.___..... -1,14 1.83 73 53 5 day will be observed.

Nas&l;id:;;zrllz """"" B % 42 1 Four synoptic situations anfﬂyzed by _Petterssen et al.
QuadrantL.. _...... —.16 1.34 55 26 22 (1962) were selected for this comparison. Petterssen
Quadrant I1......... —. 44 4.66 53 45 3 :

Quadrant ITT...oo. "2 205 @ 8 13 numerlqally evaluated, for the 1000—50Q—mb .layexj, .the
QuadrantIV_. .. 61 2.86 42 29 22 3-hr thickness tendency due to dry adiabatic motion,

W t 1 . - -

Y uadtant | 30| 105 o % 12 sens1ble.heatmg, and latent heating. They a,ddec.l .the
QuadrantIL ... -121 157 78 55 8 three-thickness tendency components to the original
Quadrant ITI._______ —.92 2.00 68 35 9 :

Quadrant IV .- oo Twl 2 o ° ; vth}ckness field and cqmpared the result to.th.e observed

Oceluded cyclone thickness field. In this study, the two radiative compo-

drant I ... 08| 130 52 24 18 : : :
gﬁ:d::';t T Twl 2w 5t “ . nents, short-wave warming and infrared cooling, have
Quadrant IIL....... Ao L8 39 47 17 been added to Petterssen’s results.

Amg;z‘gfftw """" 80} 216 i % " The radiation models in figures 6, 7, 10, and 11 were
QuadrantI......... 0| Lo 31 07 33 subjected to the inverse of the gridding procedure out-
Quadrant TT.._..... 9| L7 34 15 8o . e :
Quadront 1L 32| o o a 15 lines in section 2 so th.at the position of t:,he frqnf,s in the
Quadrant IV_ ... 36| 17 42 23 &2 actual synoptic situation defined the orientation of the

radiation patterns. Since short-wave absorption is strongly
T T T T T T T J |
EAST-WEST STATIONARY FRONT
+20}F ALONG 40°N. -
> (NORTH-SOUTH CROSS SECTION)
a
Q
- !
e 0 . SOLAR WARMING &%mb oyer i
w +i0OF —_____—_ T O e ——
% \./ ._"—.\
% | SHORT WAVE —
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ul [s) ) 28 b - s *
4
-]
E INFRARED 800 - 200mb layer
u .F
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dependent on solar zenith angle, the short-wave com-
ponent was computed by numerically integrating equa-
tion (3) for the actual 3-hr period. If one wishes to extend
the interpretations of figures 9-12 for periods longer than
3 hr, he must take into account the strong time depend-
ence of the short-wave term, while the infrared term is
virtually independent of local time.

There is o significant geographical difference between
the locations of Petterssen’s North Atlantic analyses and

the data from Green Bay, Wis., and Sterling, Va., from
which the radiation models were derived. The difference
is basically meridional, not latitudinal; therefore, we are
still considering the same type of synoptic features. The
primary difference in radiative characteristics is apt to
be caused by effects from the underlying surface, continent
versus ocean.

In section 5, the cloud structure was assumed to be
the primary variable modulating the radiation cooling.
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Fiaure 6.—Nascent cyclone radiative temperature change (°C
day-1) model for surface-500-mb and 500-200-mb layers.

Within the resolution of our analyses, this remains a
good assumption. For the purpose of comparing the
radiative thickness tendency components to other ther-
modynamic processes, the cloud structure is assumed to
be the same for both continental and maritime systems,
although this assumption may not be rigorously correct.
For the short-wave warming, water vapor assumes the
role of principal modulator. Sterling, Va., soundings often

represent maritime Atlantic upper air conditions. Since.

approximately one-half of the data used in this study
was collected from Sterling, there is in the models a
built-in maritime effect.

Figures 14, 15, 16, and 17 illustrate one point very well.
The radiative terms are not negligibly small compared to
other terms, even for & time period as small as 3 hr.
Besides the magnitude of the radiative components, one
must consider the gradient and organization of the thick-
ness tendency. In the nascent cyclone case, figure 14, a
difference of 15 ft/3 hr exists in the east-west direction in
both the infrared and short-wave components. Even more
striking is the fact that the differences are of like sign, so
when the terms are added, a 30 ft/3 hr net difference exists.
The implications of this organization on cyclone develop-
ment are discussed in the next section.

The infrared cooling minimum in figure 14 is closely
alined with the latent heat maximum, while the solar
warming maximum is displaced farther south and east in
the warm sector. The infrared cooling maximum and
short-wave minimum are behind the cold front in the dry,
cold air where the sensible heat transfer is a maximum.
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Fieure 7.—Warm sector cyclone radiative temperature change
(°C day—1) model for surface-500- and 500~200-mb layers.

Analyses G, H, and I enable one to compare the 3-hr
forecasts, with and without radiation, to the observed
tendency. An initial glance at G and H serves to verify
that the inclusion of radiation does not dramatically
change the thickness pattern. However, closer inspection
reveals that the infrared cooling west of the low center
causes a larger shrinking of the layer in that region, and
the resulting thickness field is more nearly that of the
observed. This same cooling accounts for the eastward
deflection of the zero-contour, although it is not sufficient
to agree perfectly with the obseryed case. The short-wave
warming maximum in the warm sector makes the area of
positive thickness change larger than the observed.

Figure 15, the warm sector cyclone, shows a relative
minimum of infrared cooling associated with the latent
heat term, though the radiation patterns are not as
distinctive as in the nascent case. The absolute minimum
of infrared cooling occurs in an area where convective
clouds would produce precipitation and most probably
cirrus at high levels. Petterssen did not include effects of
convection in this analysis; however, if he had, one can be
fairly certain of a positive latent heating contribution in
this area. The solar term follows the characteristic cyclone
moisture patterns, a moist warm sector and drier air to
the northwest.

The infrared and short-wave terms quite effectively
cancel one another when added together. However, in the
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Ficure 8.—Nascent cyclone radiative temperature change (°C day~!) summary for 100-mb layers. (Numbers in parentheses represent
the number of data points.)

far northwest corner the infrared term dominates and
results in a net radiation thickness change of —10 ft/3 hr,
while south of the low center the solar term prevails
resulting in a +5 to 10 ft/3 hr net radiative thickness
change. The addition of the radiative terms results in only
small differences between G and H. It should be noted that
in both the nascent and warm sector cases, the adiabatic
term dominates the thickness tendency field.

The occluded cyclone case, figure 16, shows less cor-
relation between the radiation patterns and the other
components than did figures 14 and 15. The latent heat
maximum really shows no corresponding feature in either
of the radiation components. However, the radiation
features do appear to correspond to air-mass type. The
maximum infrared cooling occurs behind the point of
occlusion at approximately the same point where a dry
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F1cUure 9.—Warm sector cyclone radiative temperature change (°C day—!) summary for 100-mb layers. (Numbers in parentheses represent
the number of data points.)

trough appears on the short-wave analysis. In front of and
alined with the occluded front, the infrared component
decreases, indicating higher clouds ahead of the front.
Coinciding with this decrease in infrared cooling is a ridge
of short-wave warming,

A comparison of G and H with T in figure 16 shows
improvement from the inclusion of radiative terms
everywhere except in the northeast quadrant. The

radiation components displace the zero isoline farther
east and enlarge the area of negative thickness tendency.
This gives better agreement between the observed and
calculated analyses. However, this same tendency toward
negative values results in a decrease in values in the
northeast quadrant of H; therefore, ahead of the occluded
front, the radiation components produced greater dis-
agreement between the computed and observed analyses.
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Figurk 10.—Occluded cyclone radiative temperature change (°C
day~1) model for surface-500- and 500-200-mb layers.

The anticyclone case in figure 17 shows comparatively
little horizontal contrast in either radiative component.
The two components are also of like magnitude and
opposite sign. As a result, their inclusion has a relatively
small effect on the analysis. However, an improvement
does occur at the point of the maximum observed thickness
tendency which is decreased by a ridge of infrared cooling
on the east side of the anticyclone.

Table 3 lists the extreme values of the thickness
contours of each component for all four synoptic cases.
From this table one readily sees that the adiabatic term
is the largest for all four cases. However, of particular
interest to us is the magnitude of the radiative terms
relative to the total thickness change. For the nascent
case the short-wave and infrared maxima are 25 percent
of the maximum observed thickness change. The radiative
component maxima are both 10 percent of the observed
maximum for the warm sector case; the infrared and
short wave are 25 percent and 19 percent, respectively,
of the observed maximum tendency for the occluded
case and 33 percent for the anticylcone. It is also inter-
esting to note that the sensible heat and latent heat
transfer terms have magnitudes directly comparable to
the radiative terms.

7. RADIATIVE CONTRIBUTION TO VORTICITY

Petterssen (1956) has derived equation (5) which related
the Laplacian of the thickness tendency for the layer,
surface to the level of nondivergence, to the vorticity
change at the surface.
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Fioure 11.—Anticyclone radiative temperature change (°C day—)
model for surface-500-mb and 500-200-mb layers.
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The total observed vorticity change, the left side of (5),
has been observed to be of the order 107 to 107 sec™
(Panofsky, 1956).

In order to assess the effects of radiation on the vorticity
field, let us assume the u, v, and w components of velocity
are zero. Then all terms on the right-hand side of (5)
vanish except the last term representing the diabatic
thickness tendency. The Laplacians of the infrared cooling
and short-wave warming fields for the surface-500-mb
layer in figures 6, 7, 10, and 11 are computed from a
2° latitude by 2° longitude grid in order to establish the
vorticity change due to the radiative components. Table 4
presents the mean vorticity change over the entire model
area induced by the two radiation components.

In this crude assessment of the vorticity production by
radiation, the exact vertical partitioning method for solar
absorption is not critical. The partitioning methods will
differ mainly in the detailed vertical structure and not in
the gross, 500-mb-thick layer used in this computation.

The nascent cyclone case shows the most significant
feature in table 4. The two radiative componerits combine



648

MONTHLY WEATHER REVIEW

[és— 200 200l
300[- E D
% a00} H 3 a00t
£ } £ 900
5 soo- H % soo}
¥ oo ;l g oo
700 - " 700}
N " 1 SW(19)
00— &0 RUT) v/ 800
" s 2 - 5 —r
900 | e 7 Bun 900
000 ——¢ F- g Tz -6 W 000 —¢ -
oc-pAY"
A ‘ 10
0 s N AeS -

QUADRANT I
\ Jr/

200}

00l 2
Tl ‘
-l @

el 4
o SUM0B) T
i RS 5 yswo
K00 S T S W e R T N
oC-DAY
QUADRANT I

Ficure 12.—Occluded cyclone radiative temperature change (°C day~!) summary for 100-mb layers. (Numbers in parentheses
represent the number of data points.)

to give a vorticity tendency of 6X107!° sec™? Such a
large component of vorticity change is comparable to the
expected total vorticity change. The short-wave com-
ponent accounts for approximately three times as much
vorticity production as the infrared term.

The warm sector case shows positive vorticity produc-
tion from both radiation terms, however, about five times
smaller than for the nascent stage.

In the occluded cyclone, the organization of the short-
wave warming produces a significant negative vorticity
tendency component while the infrared term is positive
but comparatively small. The occluded cyclone is the
only case where the net radiative effect is to decrease the
vorticity.

The anticyclone weakens, or gains cyclonic vorticity,
from the net radiative contribution. The short-wave

Yol. 97, No. 9
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F1gure 13.—Anticyclone radiative temperature change (°C day~") summary for 100-mb layers. (Numbers in parentheses represent the
number of data points.)

component is negative but smaller by a factor of 7 than
the positive infrared component.

8. CONCLUSIONS

Infrared and short-wave radiation processes may be
significant contributors to synoptic scale development.
In the simplified thickness tendency approach used in
this research, the magnitude of the vorticity change
attributable to radiative processes is 6X107'° sec™? for:

the nascent cyclone case. This compares with total ex-
pected change of 10~? to 10~!° sec™2. The radiative contri-
butions for other synoptic features are smaller by a factor
of approximately 6. The nascent, warm sector, and anti-
cyclone cases show positive cyclonic development from
radiation components, while the occluded cyclone shows
a production of anticyclonic vorticity.

Inclusion of radiative components in 3-hr-thickness
tendency analyses shows that radiative component
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Fieure 14.—Computation of 3-hr thickness change of 1000-500-mb
layer, nascent cyclone case (1200 gMT, Jan. 4, 1958). (A) 1000-mb
surface (hundreds of feet); (B) thickness change (ft/3 hr) due to
adiabatic motion; (C) thickness change due to sensible heat flux
from the surface; (D) thickness change due fo release of latent
heat; (F) thickness change due to infrared cooling; (F) thickness
change due to short-wave warming; (G) sum of B, C, and D;
(H) sum of B, C, D, E, and F; (I) observed thickness change.
(Analyses A, B, C, D, G, and I taken from Petterssen et al.,
1962.)

maxima are 10-33 percent of the observed maximum
values of the total thickness change. The radiative com-
ponents are of the same order of magnitude as the latent
and the sensible heat terms and correlate well with air
mass and cloud organization associated with classical
midlatitude synoptic systems.
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Figure 16.—Computation of 3-hr thickness change of 1000-500-mb
layer, occluded ecyclone ease (1200 amr, Jan. 28, 1958). (A)
1000-mb surface (hundreds of feet); (B) thickness change (ft/3
hr) due to adiabatic motion; (C) thickness change due to sensible
heat flux from the surface; (D) thickness change due to release of
latent heat; (E) thickness change due to infrared cooling; (F)
thickness change due to short-wave warming; (G) sum of B, C,
and D; (H) sum of B, C, D, E, and F; (I) observed thickness
change. (Analyses A, B, C, D, G, and I taken from Petterssen
et al.,, 1962.)
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Ficure 17.—Computation of 3-hr thickness change of 1000-500-mb
layer, anticyclone case (1200 gmT, Jan. 5, 1958). (A) 1000-mb
surface (hundreds of feet); (B) thickness change (ft/3 hr) due to
adiabatic motion; (C) thickness change due to sensible heat flux
from the surface; (D) thickness change due to release of latent
heat; (E) thickness change due to infrared cooling; (F) thickness
change due to short-wave warming; (G) sum of B, C, and D;
(H) sum of B, C, D, E, and F; (I) observed thickness change.
(Analyses A, B, C, D, G, and I taken from Petterssen et al.,
1962.)
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